he demonstrated clinical usefulness of the implantation of a coronary stent as the preferred method of percutaneous revascularization is due to improved procedural safety as compared with balloon angioplasty and reduced rates of restenosis. [1] [2] [3] [4] [5] [6] [7] But despite the use of coronary stents, the frequency of restenosis may be more than 30 percent in several subgroups of patients, including subgroups with diabetes mellitus, small coronary vessels, and long lesions. [8] [9] [10] [11] [12] [13] [14] [15] During the past two decades, attempts to reduce restenosis after angioplasty with the use of locally delivered or systemic pharmaceutical agents have been largely unsuccessful. [16] [17] [18] [19] Recently, sirolimus (rapamycin), a cytostatic macrocyclic lactone with both antiinflammatory and antiproliferative properties, [20] [21] [22] delivered from a polymer-encapsulated stent was shown in small registry studies and randomized clinical trials to reduce the risk of restenosis in patients who were at low risk for restenosis. [23] [24] [25] We conducted a study to determine the clinical usefulness of the sirolimus-eluting stent in patients with more challenging coronary stenoses.
study design and eligibility
This randomized, double-blind study complied with the provisions of the Declaration of Helsinki regarding investigation in humans and was approved by the Food and Drug Administration. The study was approved by the institutional review boards at all 53 investigational sites, and written informed consent was obtained from all patients.
Eligible patients had a history of stable or unstable angina and signs of myocardial ischemia. A single newly diagnosed target lesion in a native coronary artery resulting in stenosis of 51 to 99 percent of the luminal diameter and measuring 15 to 30 mm in length (as estimated visually on angiography) was treated. Major criteria for exclusion were recent myocardial infarction (within the previous 48 hours); an ejection fraction of less than 25 percent; a target lesion in an ostium, a bifurcation, or an "unprotected" left main coronary artery or in a vessel with thrombus or severe calcification; and treatment of nontarget lesions in the same or a different coronary vessel during the index procedure.
Before the index procedure, an automated telephone randomization system was used to randomly assign eligible patients in a double-blind manner to treatment with a sirolimus-eluting stent or a standard stent (Bx Velocity, Cordis) in a 1:1 ratio at each site. Randomization blocks were created and were stratified according to the clinical center and the presence or absence of diabetes mellitus.
coronary-stent procedure
Before and after the index procedure, all patients received oral aspirin (325 mg daily) and oral clopidogrel (a loading dose of 300 to 375 mg 24 hours before the procedure and then 75 mg daily for three months). During the procedure, intravenous heparin boluses were administered. The use of intravenous glycoprotein IIb/IIIa inhibitors was at the discretion of the physician. Lesions were treated with the use of standard interventional techniques, including mandated balloon dilation before the placement of the stent. One or two stents of the assigned type were used to treat the target lesion. The sirolimus-eluting stents and the standard stents (available in lengths of 8 mm and 18 mm and in diameters of 2.5 mm, 3.0 mm, and 3.5 mm) were identical in appearance. The sirolimus-eluting stents contained 140 µg of sirolimus per square centimeter of stentsurface area within a copolymer matrix that was 5 to 10 µm thick and was designed to release approximately 80 percent of the total dose of sirolimus in 30 days. Both the physician and the patient were unaware of the treatment-group assignment. data collection, follow-up, and core laboratory analyses All data were submitted to a data coordinating center (the Cardiovascular Data Analysis Center, Harvard Clinical Research Institute, Harvard Medical School, Boston), and the investigators had full access to the data. The investigators also initiated, performed, and reviewed all analyses and made the decisions about publication. Clinical follow-up information was obtained for all patients by the research coordinators at each site at 30, 90, 180, and 270 days. All clinical end points were adjudicated by an independent clinical-events committee that was unaware of the treatment-group assignments. A separate data and safety monitoring board that was not affiliated with the study sponsor or the investigators reviewed all data periodically to identify potential safety issues (all complications, including death, stent thrombosis, and myocardial infarction) and to review the conduct of the study (the pace of enrollment, patients' eligibility, and compliance with data collection). The monitoring board did not perform an interim analysis with regard to the prit methods mary efficacy end point at nine months, since enrollment was completed before the nine-month primary end point was reached in the first patient.
Coronary angiograms, obtained at base line, at the completion of the stenting procedure, and at 240 days of follow-up, were submitted to the angiographic core laboratory (Brigham and Women's Angiographic Core Laboratory, Boston) and were analyzed with the use of a computer-based system (Medis). "Binary" restenosis was defined as stenosis of more than 50 percent of the luminal diameter in the target lesion. Late luminal loss was defined as the difference between the minimal luminal diameter at the completion of the stenting procedure and that measured during follow-up. Quantitative angiographic measurements of the target lesion were obtained in the "in-stent" zone (including only the stented segment) and in the "in-segment" zone (including the stented segment as well as the margins 5 mm proximal and distal to the stent).
Intravascular ultrasonographic examinations were performed after the index stenting procedure and at 240 days in a subgroup of 250 consecutive patients at 17 centers. With the use of intravascular ultrasonography, qualitative assessments and quantitative determinations of the areas and volumes of the vessels, stents, and lumens were made by the intravascular ultrasonography core laboratory (Cardiovascular Core Analysis Laboratory, Stanford University, Stanford, Calif.).
study end points
The primary end point of this study was failure of the target vessel, defined as the occurrence of any of the following within 270 days after the index procedure: death from cardiac causes, Q-wave or non-Q-wave myocardial infarction, or revascularization of the target vessel (emergency or elective coronaryartery bypass grafting [CABG] or repeated percutaneous transluminal coronary angioplasty [PTCA] ).
The secondary clinical end points included death from any cause, revascularization of the target lesion (clinically driven CABG or repeated PTCA due to restenosis or closure of the target lesion), and stent thrombosis. All major adverse events were determined for the in-hospital period, for the out-ofhospital period, and cumulatively for the 270 days after the placement of the stent.
statistical analysis
The planned sample size of 1100 patients provided 80 percent statistical power to detect a 40 percent reduction in the rate of the primary end point at 270 days (from 15 percent with the standard stent to 9 percent with the sirolimus-eluting stent) with a 5 percent false positive rate (two-sided). We prespecified that the effectiveness analysis and the safety evaluation were to be based on data from all patients who underwent randomization except those who were withdrawn before they received the assigned treatment (as described below). The differences between the treatment groups were evaluated with the use of analysis of variance or with Wilcoxon rank-sum scores for the continuous variables, when appropriate. The Cochran-Mantel-Haenszel statistic, with control for the clinical center, was used for the analysis of categorical variables. The rate of survival free of target-vessel failure during the 270-day follow-up period was analyzed with the use of the * Plus-minus values are means ±SD. There were no significant differences between the treatment groups. ACC denotes American College of Cardiology, and AHA American Heart Association. † Hyperlipidemia was defined as a low-density lipoprotein cholesterol level above 130 mg per deciliter (3.4 mmol per liter). ‡ Unstable angina was defined according to the Braunwald classification. actuarial life-table method, and the difference between survival curves was assessed with the log-rank test. To identify factors that might be related to angiographic restenosis and revascularization of the target lesion, logistic-regression models were used. All statistical analyses were performed with the use of SAS software (version 6.12, SAS Institute), and all reported P values are two-sided.
characteristics of the patients and the lesions
Between February 2001 and August 2001, 1101 patients gave written informed consent and were randomly assigned to one of the two treatment groups. After randomization, 43 patients (4 percent of all patients, 23 in the sirolimus-stent group and 20 in the standard-stent group) were withdrawn from the study and did not receive the assigned treatment.
The reasons for withdrawal were the unavailability of the assigned type of stent at the center (in the cases of 4 patients) and the discovery of criteria for exclusion that became apparent only after pretreatment angiography (in 39 patients). The final patient cohort included 1058 patients -533 in the sirolimus-stent group and 525 in the standard-stent group. The groups were well matched, with no significant differences in the frequency of cardiac risk factors (Table 1) . Among all patients, the mean age was 62 years; 71 percent were men, 31 percent had had a previous myocardial infarction, and 26 percent had diabetes. Cardiac symptoms included exertional angina in 58 percent of patients, angina while at rest in 23 percent, and unstable angina (Braunwald class I, II, or III) in 53 percent. The majority (56 percent) of treated lesions were class B2 or C according to the American College of Cardiology-American Heart Association classification, the average referencevessel diameter was 2.80 mm, and the mean lesion length was 14.4 mm.
procedural factors
There were no differences between the groups in the rate of use of conventional interventions; glycoprotein IIb/IIIa inhibitors were given to 60 percent of patients, the maximal balloon-inflation pressure after stenting was 15 atm, and the mean ( ± SD) ratio of the stent length to the lesion length was 1.6 ± 0.6. An average of 1.4 stents were implanted per target lesion, with overlapping stents in 28 percent of patients.
quantitative coronary angiography
The dimensions of the lesion at base line were similar in the two groups (Table 2) . Follow-up angiographic data were available for 350 patients in the sirolimus-stent group (86 percent of the patients assigned to undergo angiographic follow-up) and 353 in the standard-stent group (85 percent of the patients assigned to undergo angiographic followup). Table 2 shows that at follow-up, the minimal luminal diameter, stenosis as a percentage of the luresults * Plus-minus values are means ±SD.
† Late luminal loss was defined as the difference between the minimal luminal diameter immediately after the placement of the stent and the minimal luminal diameter at 240 days. The data are for the 701 patients for whom both postprocedural and follow-up measurements of the minimal luminal diameter were available. ‡ Restenosis was defined as stenosis of 50 percent of the luminal diameter on the 240-day follow-up angiogram. minal diameter, and the late luminal loss in both the in-stent zone and the in-segment zone were all improved with the sirolimus stent as compared with the standard stent (P<0.001 for all comparisons). The frequency of binary in-stent restenosis (stenosis of at least 50 percent of the luminal diameter) was 3.2 percent in the sirolimus-stent group and 35.4 percent in the standard-stent group (P<0.001), and the frequency of in-segment restenosis was 8.9 percent in the sirolimus-stent group and 36.3 percent in the standard-stent group (P<0.001). The higher rate of in-segment restenosis in the sirolimus-stent group was due to a smaller reduction in late luminal loss in the in-segment zone than in the in-stent zone and a higher rate of restenosis at the proximal margin of the stent than at the distal margin or in the body of the stent.
intravascular ultrasonography
The use of sirolimus-eluting stents, as compared with the use of standard stents, resulted in reductions in the neointimal volume in the in-stent zone (4.4 mm 3 vs. 57.6 mm 3 , P<0.001) and in the in-stent obstruction as a percentage of volume (3.1 percent vs. 33.4 percent, P<0.001).
clinical outcomes
Major adverse cardiac events are listed in Table 3 . In-hospital events occurred at a similar frequency in the two groups (including death, myocardial infarction, and repeated revascularization); the proportion of patients with any in-hospital major adverse event was 2.4 percent in the sirolimus-stent group and 1.5 percent in the standard-stent group (P=0.38). There was a lower rate of out-of-hospital adverse events during the 270 days of follow-up in the sirolimus-stent group than in the standard-stent group; reductions included those in the number of patients with non-Q-wave myocardial infarction (from 7 to 1, P=0.04), the number requiring revascularization of the target lesion (from 87 to 21, P<0.001), and the number with any major adverse event (from 93 to 26, P<0.001). Similarly, the number of patients reaching the primary clinical end point, failure of the target vessel within 270 days, was reduced by 58 percent with sirolimus stents (from 110 to 46, P<0.001). The rate of survival free of target-vessel failure for 270 days increased from 78.6 percent with a standard stent to 91.1 percent with a sirolimus stent (P<0.001) (Fig. 1) . Stent thrombosis was infrequent, and the rate was similar in the two treatment groups. There were no acute stent thromboses (occurring less than 24 hours after placement of the stent), there was one case of subacute stent thrombosis (occurring between 1 and 30 days after placement) in each group, and there were four late stent thromboses (occurring between 31 and 270 days after placement) -one in the sirolimus-stent group and three in the standard-stent group. The cumulative frequency of stent * P values are given only for significant differences. The total numbers of patients who underwent target-lesion revascularization may not equal the number who underwent coronary-artery bypass grafting (CABG) plus the number who underwent percutaneous transluminal coronary angioplasty (PTCA), because some patients underwent both procedures; the numbers given for any major adverse cardiac event in the cumulative analysis do not equal the numbers given for in-hospital events plus out-of-hospital events, because some patients had more than one event. Among the 279 patients with diabetes (26 percent of the total study population; 131 patients in the sirolimus-stent group and 148 in the standard-stent group), the absolute frequency of in-segment restenosis and the absolute frequency of target-lesion revascularization were higher than those among patients without diabetes in both treatment groups, but the relative reductions after the placement of a sirolimus stent were of similar magnitude (the rate of in-segment restenosis was reduced from 50.5 percent to 17.6 percent, P<0.001; and the rate of target-lesion revascularization was reduced from 22.3 percent to 6.9 percent, P<0.001).
Among the third of the patient population with the smallest vessels (averaging 2.32 mm in diameter in the sirolimus-stent group and 2.29 mm in the standard-stent group), there was less (albeit still significant) improvement with sirolimus stents in both the rate of in-segment restenosis (18.4 percent, vs. 42.9 percent in the standard-stent group; P<0.001) and the rate of target-lesion revascularization (7.3 percent vs. 20.6 percent, P<0.001). Among the patients with the smallest vessels who received sirolimus stents, the restenosis was usually located at the proximal margin of the stent.
In addition to reducing the overall frequency of angiographic restenosis, the use of sirolimus stents altered the patterns of post-stenting restenosis. The mean length of a restenotic lesion was 9.1 ± 5.8 mm after the placement of a sirolimus stent, as compared with 14.8 ± 7.4 mm after the placement of a standard stent (P<0.001), with a diffuse pattern (a lesion length of more than 10 mm) in 58 percent of cases after the placement of a standard stent, as compared with only 13 percent of cases after the placement of a sirolimus stent (P<0.001).
The association of known risk factors for restenosis with the treatment effect of the sirolimus stent on either angiographic or clinical restenosis was evaluated with the use of multivariable logisticregression modeling of the rate of in-segment restenosis within 240 days and the rate of target-lesion revascularization within 270 days. In the model of in-segment restenosis, diabetes was significantly associated with an increased risk of restenosis (odds ratio, 2.39; P<0.001), as were the diameter of the reference vessel (odds ratio per 1-mm decrement, 0.54; P=0.001) and the length of the lesion (odds ratio per 1-mm increment, 1.02; P=0.01).
Similarly, in the model of target-lesion revascularization, diabetes was significantly associated with an increased risk of restenosis (odds ratio, 1.65; P=0.03), as were the diameter of the reference vessel (odds ratio per 1-mm decrement, 0.37; P<0.001) and the length of the lesion (odds ratio per 1-mm increment, 1.05; P<0.001). According to both of these models, assignment to the sirolimus-stent group was associated with a significant reduction in the risk of restenosis (odds ratio for in-segment restenosis, 0.24; odds ratio for target-lesion revascularization, 0.17; P<0.001 for both comparisons). Figure 2 shows the consistent beneficial effect of sirolimus-eluting stents on the risk of targetlesion revascularization in important clinical and angiographic subgroups, including those defined according to sex, the presence or absence of diabetes, whether or not the lesion was located in the left anterior descending artery, the size of the vessel, the length of the lesion, and the presence or absence of overlapping stents. The rate of event-free survival was significantly higher in the sirolimus-stent group than in the standard-stent group (P<0.001 by the Wilcoxon and logrank tests). In comparison with previous studies of sirolimuseluting stents, 23-25 our trial enrolled patients with more challenging conditions, including a higher frequency of cardiac risk factors (especially diabetes), more complex lesion morphology, and longer lesions. Nevertheless, the suppression of in-stent neointimal hyperplasia was again demonstrated after the placement of sirolimus-eluting stents, both on angiography (an 83 percent reduction in late luminal loss and a 91 percent reduction in the rate of in-stent restenosis) and on intravascular ultrasonography (a 92 percent reduction in neointimal volume). Moreover, the clinical manifestations of excessive neointimal hyperplasia were similarly improved, with a 77 percent reduction in the rate of out-of-hospital target-lesion revascularization and an 85 percent reduction in the rate of out-of-hospital non-Q-wave myocardial infarction. There were no untoward angiographic complications (e.g., late aneurysms), and the rates of adverse clinical events (including stent thromboses) were not significantly higher in the sirolimus-stent group than in the standard-stent group. The subgroup analyses indicated that after the placement of a sirolimus stent, the exposed margins of stents that did not cover the entire region of balloon injury were the primary sites of restenosis, which occurred predominantly at the proximal stent margin in smaller vessels. Thus, we would recommend the use of a technique including predilation with shorter balloons, the use of longer single stents in order to cover the entire zone of balloon injury, and dilation after stenting (as needed) with short, high-pressure balloons within the stented regions.
In addition to the reduction in the frequency of restenosis, the pattern of post-stenting restenosis For the analyses in terms of vessel diameter and lesion length, the variable was dichotomized at the median value. P<0.001 for all comparisons between groups. CI denotes confidence interval. To determine the ultimate clinical usefulness of sirolimus-eluting stents, additional clinical trials are required that involve patients with disease in a bifurcation, chronic total occlusions, saphenous-vein graft disease, restenosis after stenting, failure of vascular brachytherapy, lesions in the left main coronary artery, and multivessel disease. The findings in two-year follow-up examinations in a cohort of 45 patients who were treated with sirolimus-eluting stents are encouraging, indicating that the angiographic and clinical efficacy are maintained. 31 However, the long-term safety and durability of this very potent site-specific therapy require further substantiation in larger cohorts of patients.
A clinically efficacious drug-eluting stent system requires a meticulous integration of the stent design, drug-carrier vehicle, and therapeutic agent. Preliminary stent-based results with paclitaxel, a welldescribed chemotherapeutic agent that suppresses microtubule dynamics, 32-34 delivered through a polymer-matrix formulation, have also shown promise. 35 The results of our clinical trial demonstrate that the sirolimus-eluting stent has achieved the delicate balance of preserved safety and improved efficacy and thus has the potential to alter the course of coronary therapy in the future. Williams reports having received consulting fees and grant support from Cordis; and Dr. Teirstein reports having received consulting and lecture fees from and holding equity interests in Cordis, and having received royalties from Cordis related to the sale of radiationdelivery catheters.
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